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ABSTRACT 
The setup of the converging jets is commonly used in the manufacture of 
meltblown fibers.  This requires forced airflow through small channels angled toward 
each other until meeting at the exit of the die.  The emerging air jets impinge while 
molten polymer is extruded and becomes entrained in the air flow to be collected 
downstream as a thin cooled fiber.  
The experimental analysis of converging free jets was examined to reveal 
characteristics of the flow field.  A hot-film anemometer was used to gather and analyze 
the corresponding data for two separate meltblown fiber dies.  These were examined and 
compared to each other as well as previous computational fluid dynamics studies of 
similar setups.   
 A traverse system was used to position the anemometer probe while 
measurements of the mean velocity and turbulence intensity were obtained at varying 
positions throughout the flow fields.  This data was analyzed and compared to existing 
studies and theoretical prediction and was found to agree with existing computer models 
by showing three distinct regions: the first zone where each emerging jet maintains 
individual velocity profiles; a second mixing zone of maximum turbulence and an 
intermediate velocity profile; and a third zone where the individual jets are no longer 
present and the velocity profile becomes characteristic of a theoretical single emerging jet 
of similar mass flow rate.   
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NOMENCLATURE 
 
α   Meltblowing die channel half angle (degrees) 
κ   Thermal coefficient of resistance (1/oK) 
σ   Standard deviation 
ρ   Fluid density (kg/m3) 
a   Calibration coefficient 
AW   Cross sectional area of the probe filament (m2)    
b   Calibration coefficient / 0.5 of Jet width (m) 
c   Calibration  coefficient 
h   Heat transfer coefficient of convection of probe (W/m2K) 
I   Electrical current (amperes) 
J   Momentum (kg*m/s) 
l   Mixing length (m) 
RREF   Reference resistance (Ohms) 
RW   Resistance of the anemometer probe’s wire-like filament (Ohms) 
Tf   Temperature of the fluid of interest (K) 
TREF   Reference temperature (K) 
TW   Temperature of the anemometer probe’s wire-like filament (K) 
TI   Turbulence Intensity (%) 
u   Instantaneous x-component of velocity (m/s) 
umax   Maximum velocity in x-direction (m/s) 
v   Instantaneous y-component of velocity (m/s) 
v    Fluid mean velocity (m/s) 
v′    Deviation from mean velocity (m/s) 
vf   Fluid velocity (m/s) 
vi   Fluid instantaneous velocity (m/s) 
x   x-direction of coordinate frame 
y   y-direction of coordinate frame 
z   z-direction of coordinate frame 
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CHAPTER 1:  INTRODUCTION 
 
 The experimental aerodynamic analysis of axisymmetric converging free jets was 
employed with the intent to measure the flow field representative of that encountered in 
the process of meltblown fiber production.  The meltblown fiber jet’s setup can be seen in 
Figure A-1.  This figure and all subsequent figures are presented in Appendix A.  In 
operation, the meltblown fiber jet produces an extruded strand of polypropylene which 
becomes entrained in the airflow of the jet where it is cooled and solidified.  These fibers 
are collected to form the non-woven fabric which is utilized for cloth filters or other 
items where a woven fabric is not as efficient due to its grid-like pattern which could 
allow passage of particles. 
The set up used for this research included the use of a hot film anemometer, a two 
dimensional traverse system and the meltblown fiber jet operating without producing 
fibers.  Measurements of time averaged velocity (ν ) and turbulence intensity (TI) were 
obtained with this equipment and provided an insight into the physical phenomenon 
taking place inside the flow field.  Because this is an experimental study and not a 
simplified computer model, all of nature’s influences such as edge effects of the nozzle or 
room recirculation will be present and show some effect on the experimental results. 
The hot film anemometer used is made by TSI Instruments model IFA 300; this 
setup can be seen in Figure A-2.  Utilizing its provided ThermalPro software, the 
anemometer system collects and organizes resulting experimental data for the user.  More 
specifically, ThermalPro allows the user to select several parameters, run the experiment, 
and analyze the data in several simple steps.   
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  The goal of this experiment was to try and reveal a representative model of the 
flow field and its behavior characteristic of a converging free jet setup.  This included 
velocity profiles gathered at varying distances away from the exit plane of the nozzle.  
The gathered data was compared to results of previous computer models and predicted 
theoretical results.     
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CHAPTER 2.  LITERATURE REVIEW 
 
I.  Free Jet 
Free turbulent flow and its behavior is important in understanding how two 
converging jets may perform.  This type of flow is considered free because there are no 
solid walls to restrict it.  The absence of a solid wall boundary gives rise to the idea of a 
jet boundary.  This occurs because of the differing velocities of the high speed stream and 
the stagnant fluid.  This velocity gradient creates a turbulent mixing zone and causes the 
jet width to increase with distance downstream as shown in Figure A-3 [1].  As the 
emerging two-dimensional free jet is introduced to the surrounding fluid, this mixing 
causes it to entrain stagnant fluid at the edges.  The centerline velocity will decrease with 
distance from the exit plane as the width of the jet simultaneously increases.  The 
turbulence of the stream as well as the viscosity helps with the entrainment of the 
surrounding fluid.  This causes the increasing mass flow of the jet, keeping in mind that 
the velocity magnitude will simultaneously be dropping as the jet width increases.  This 
ensures that the overall momentum is conserved.  
The following equations will relate the mixing length, jet width, and ultimately 
the centerline velocity in relation to downstream position.  Here we introduce the ratio of 
the mixing length l to the jet width b.  
     const
b
l == β  (2.1)     
Next we relate the transverse velocity fluctuation with the mixing length. 
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                                  (2.2) 
where for steady state flow, 
                                            
y
v
x
u
Dt
D
∂
∂+∂
∂=                                            (2.3)  
Assuming that both the transverse and the downstream fluctuations are of the same order, 
                                
dy
udlconstuconstv ×=×= ''                                   (2.4) 
where u , 'u , and 'v  are time-averaged velocities.  Comparing equation (2.4) with 
equation (2.2) yields, 
                                                 
y
ul
Dt
Db
∂
∂~                                              (2.6) 
The average value of 
y
u
∂
∂  taken over half the width of the jet is assumed to be 
approximately proportional to
b
umax , therefore 
                                  maxmax uconstub
lconst
Dt
Db β×=×=                                (2.7) 
                                                     
dx
dbu
Dt
Db
max~                                                (2.8) 
Combining equation (2.7) and (2.8), 
                                                     
b
lconst
dx
db ×=                                                (2.9) 
therefore 
                                                       xconstb ×=                                                 (2.10) 
This confirms that the width of the jet is proportional to the distance x . 
v
Dt
Db ′~
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 In order to develop a relationship between the centerline velocity and the axial 
distance x , we look at the x-component of momentum for incompressible flow 
                                                 ∫ == constdAuJ 2ρ                                         (2.11) 
where J is the momentum, ρ is the density, and A is the area.  Equation (2.11) may be 
implemented because of the assumption that the pressure is constant everywhere except 
close to the nozzle exit.  In two dimensions, the previous equation takes the following 
form, 
                                                  buconstJ 2max' ρ×=                                           (2.12) 
in which 'J is the momentum per unit length.  This means, 
                                             ρ
'2/1
max
Jbconstu −×=                                        (2.13) 
Joining this equation with (2.10), results in, 
                                              ρ
'1
max
J
x
constu ×=                                        (2.14) 
which shows that the centerline velocity is proportional to the inverse square root of x  
                                                      2/1max ~
−xu                                                 (2.15) 
                  
II. Parallel Free Jets 
The preceding results are well known and boundary layer theory is excellent in 
predicting the behavior of the flow.  This is not the case for parallel jets emerging close to 
one another.  The two jets interact with each other in a complicated manner which proves 
to be very difficult to solve in a mathematical sense.  There have been several studies 
                                                                                                                                          6 
 
concerning this phenomenon and correlations between experimental and computational 
results are closely related.   
The most notable concurrence is that of the numerically predicted points where 
the jets begin to merge.  This along with the centerline velocity profiles agree very well 
with the available experimental data [2].  This gives rise to three distinct zones:  a 
converging region, a merging region and a combined region.  This can be seen in Figure 
A-4 for converging free jets [3].  The results of this study show a good relationship 
between the computational and experimental merging points but the computational 
models show a narrower jet envelope than that revealed by experiment.  
 
III. Converging Free Jets 
 While there has been substantial documentation on parallel free jets, the case of 
non-parallel free jets is far less represented.  Converging jets refer to a case where jets are 
oriented toward each other at some half angle α about the centerline.   
 Converging jets still retain the same three distinct regions observed in parallel 
jets.  Before merging in the second region, the two emerging jets maintain their own 
individual characteristics while the third region is characteristic of a fully developed 
single jet.  While the same three regions of interest as present in the case of parallel free 
jets, the characteristics of the individual emerging jets are strongly dependent on α.  Τhe 
merging and combined regions (greater than 40 nozzle diameters downstream) [3] are 
relatively independent of α.   
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 Parallel jets display a great capacity for entrainment of the surrounding fluid 
while this characteristic decreases with increasing α for the case of converging jets.  This 
is obvious until the observer moves far enough downstream where the converging jets 
resemble a single jet with a similar mass flow rate.  The downstream regions of the 
converging jets are somewhat independent of the preliminary geometry.   
 The driving force behind the flow characteristics is the conservation of 
momentum.  As the angle α increases, the mixing of the two jets becomes more intense.  
This is noticeable in the centerline velocity profiles where the 60 degree die shows a 
much more rapid decrease in the mixing region as compared to the 30 degree die.  This 
would mean that as the half angle increases, the turbulence will increase as well.   
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CHAPTER 3.  EXPERIMENTAL SETUP AND PROCEDURE 
   
The key component in the ability to analyze the flow field was the use of the hot 
film anemometer.  The anemometer used in this experimental setup is made by TSI 
Instruments model IFA 300.  Utilizing its provided ThermalPro software, the 
anemometer system collects and organizes resulting experimental data for the user.  More 
specifically, ThermalPro allows the user to select several parameters, run the experiment, 
and analyze the data in several simple steps.  This device is used frequently not only in 
analyzing flow fields of air and other gases, but liquid flow fields as well.  The 
anemometer has been used extensively because of its ability to make high frequency 
measurements of velocity [7].  The system consisted of a data acquisition computer, 
anemometer controller and the hot film probe.  This probe was the central element 
responsible for collecting the data in the flow field.  It is essentially a thin wire-like 
filament which is maintained at a specific temperature by the controller.  As air flows 
past the filament, it is cooled by convection.  This cooling sends a voltage difference to 
the controller where it is measured and corrected in order to maintain the constant 
temperature across the filament.  These increases and decreases in voltage are recorded 
and converted into velocity readings. 
 
I. Velocity Calculation 
 Velocity readings using hot film anemometers are obtained by relating the 
differences in the voltage to a predetermined calibration curve.  The following 
calculations give an example of how these are determined. 
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 Assume the anemometer probe is immersed in a flow and is heated by an 
electrical current.  The electrical power input is equal to the power lost by convective 
heat transfer as follows, 
)(2 fWWW TTAhRI −⋅=⋅                                             (3.1) 
The wire resistance, WR , is a function of temperature according to the following equation 
)](1[ REFWREFW TTRR −+= κ                                         (3.2) 
where κ is the thermal coefficient of resistance.  King’s law relates the heat transfer 
coefficient to the fluid velocity as 
f
cvbah ⋅+=                                                     (3.3) 
Where a, b, and c are calibration coefficients (c 5.0≈ ). 
Combining the previous equations results in the following 
=⋅+ fcvba
)(
)](1[
fWW
REFWREF
TTA
TTR
−
−+ κ
                                 (3.4) 
This allows the fluid velocity, fv , to be solved.  The fluid velocity is found to be 
[ ] c
fWW
REFWREF
f baTTA
TTRIv
1
2
/
)(
)(1
⎪⎭
⎪⎬
⎫
⎪⎩
⎪⎨
⎧
⎥⎥⎦
⎤
⎢⎢⎣
⎡ −−
−+= κ                          (3.5) 
This gives the fluid velocity to be a function of the wire temperature with a known fluid 
temperature [6].   
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II. Turbulence Intensity 
 A highly useful parameter that can be found from the high speed data acquired 
with the anemometer is turbulence intensity.  Turbulence intensity is a dimensionless 
number that relates the deviation of instantaneous velocity from the mean value across 
the sampled time period.   
 The instantaneous velocity of the flow can broken into two components with the 
following equation 
vvvi ′+=                                                      (3.6) 
Where iv is the instantaneous velocity magnitude, v  is the mean velocity magnitude, and 
v′  is the instantaneous deviation from the mean.  These are velocity magnitude 
measurements because the flow direction cannot be distinguished using only a single 
probe setup like the one used in this experiment.   
The standard deviation is a statistical measure of data dispersion about a mean value and 
is represented as 
∑−
=
−=
1
0
22 )(1
N
i
i vvN
σ                                            (3.7) 
Substituting 3.6 into 3.7 gives 
∑−
=
′=
1
0
22 )(1
N
i
ivN
σ                                               (3.8) 
Therefore, 
                                                    22 v′=σ                                                       (3.9) 
The standard deviation is now 
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2/122 )(v′== σσ                                         (3.10) 
A large turbulent instance in the flow will give rise to velocity deviations from the mean 
and large standard deviation values.  The dimensionless parameter turbulence intensity is 
now given by 
v
vIntensityTurbulence
2′=                                  (3.11) 
 The ThermalPro software outputs a measurement of the turbulence intensity for 
each sampled time period.  Collecting these measurements over a two dimensional space 
could reveal areas of high turbulence which may in turn point out areas of large eddy 
formation.   
 
III. Calibration 
 The anemometer probe is a highly sensitive piece of equipment and needs to be 
calibrated in order to accurately represent the data that will be collected.  For example, if 
the experiment called for a low velocity regime, the calibration of the probe should be 
done inside the limits of that regime.  In the case of the meltblown fiber jet, the tests were 
run with back pressures up to 12 psig.  This was the upper limit for initial calibration of 
the anemometer.   
 The anemometer was calibrated using the TSI model 1127 calibration device.  
This is a small pressure driven chamber with a small exit orifice.  The calibration device 
was connected to an air line and a ten foot water manometer.  The manometer was used 
to record the stagnation pressure for the calibration device and entered into the Thermal 
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Pro software.  Once the air line pressure was adjusted and the reading from the 
manometer recorded, the software records the corresponding velocity exiting the 
calibration device’s orifice.  Adjusting the pressure and capturing several data points 
allowed for the software to create a calibration curve specific to that particular probe.  
This calibration curve was used as a correlation between the measured voltage 
fluctuations and the associated velocities from the calibration device.  This calibration 
data can be seen in Fig A-5.  Data retrieved from the ThermalPro software is reported in 
m/s while the traverse system was set up in inches.  These units will be represented in the 
figures corresponding to this analysis.   
 
IV. Data Collection 
  The process of data collection constituted the majority of the experimental effort.  
This proved to be the most time consuming aspect of the project due to its involvement 
with a manual traverse system.  This was used to position the anemometer probe in the 
flow field while the velocity data were acquired.  The traverse was repositioned for each 
data point by manually dialing it to the appropriate position.  The approach involved 
starting the measurements at the exit face of the nozzle and gradually working 
downstream.  The typical flow field measurements consisted of several hundred data 
points with the greater part of the concentration within the first few inches of the nozzle 
exit.   
 
 
                                                                                                                                          13 
 
V.  Anemometer Frequency 
  The ThermalPro software offered the flexibility to adjust the anemometer’s 
operating frequency.  Without knowing the anticipated frequency of the eddy formation, 
the flow needed to be tested within a range of frequencies in order to determine the 
appropriate frequency for the remainder of the analysis.  This was accomplished by 
positioning the probe at the centerline of the flow field at a position of 3 inches from the 
nozzle exit.  Data was acquired over a period of 1 second at frequencies from 10 kHz to 
50 kHz.  Figure A-6 shows the results from this study.  It was observed that the average 
velocity remained relatively constant between 1000Hz and 50 kHz, but the turbulence 
intensity did not show constant properties until above roughly 20 kHz.  Based on this 
observation, the rest of the experimental analysis was conducted at an acquisition rate of 
40000 Hz.     
   
VI. Transverse Profile  
 The idea behind the single probe analysis is to collect the time dependent velocity 
at each given point and construct an average velocity profile at varying distances from the 
jet exit.  The first case studied was an effort to determine whether the horizontal 
transverse (z – direction corresponding to Figure A-3) had any effect on the average 
velocity or if the jet was two dimensional.  The probe was first placed on the outside edge 
of the nozzle exit and measurements were taken straight across the jet face until reaching 
the other side.  The resulting velocity profile is shown in Figure A-7.  This clearly shows 
that the average velocity across the jet face is relatively constant except for the far edges 
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which would be expected.  Based on this, the jet was assumed to be two dimensional in 
nature and further data acquisition was confined to the center (2.5 inches) in the 
horizontal z-direction. 
 
VII.  Velocity Field  
 The first flow field to be examined corresponded to a back nozzle pressure of 2 
psig with a channel half angle of 30 degrees.  The channel width measured approximately 
0.1 inches and the die face at the intersection of the channels measured about 0.015 
inches.  The front face of the die tapered at an angle of 10 degrees from the vertical y-
direction.  
 The back pressure was set to 2 psig by opening the valve to allow the air supply to 
flow through a series of air filters and a regulator.  The pressure was read from a pressure 
gauge to find the appropriate operating condition and to observe the pressure throughout 
the analysis.  The pressure was monitored to ensure that no noticeable fluctuation of back 
pressure occurred during the data acquisition. 
 The flow field data acquisition was approached by starting at the exit of the 
nozzle and working downstream in small step sizes.  The velocity profile was captured at 
each x-position by taking several data points in both the +y and –y directions (reference 
axes can be seen in Figure A-1).  The traverse system allowed a full capture of the flow 
field throughout the first few inches, however the +y direction was not fully captured far 
downstream due to the fact that the velocity field grew larger than the traverse was set up 
to reach.  This disadvantage proved minimal since this occurred in the combined region 
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and had the characteristics of a fully developed single jet.  The –y direction was fully 
captured and gave insight into the velocity profile and its symmetry.   
 The next flow field examined corresponded to the same 2 psig back pressure 
setting but had a half angle of 60 degrees.  The channel width measured 0.040 inches and 
the die face at the intersection of the channels measured 0.015 inches.  The front face of 
the die tapered at an angle of 10 degrees from the vertical.   
 This flow field was approached with the same procedure as before.  The system 
was set to 2 psig and monitored throughout the data gathering.   
 The final flow field observed was a sort of matched setting between the 30 degree 
die and the 60 degree die.  The centerline velocity at an x-position of 0.3 inches from the 
30 degree die was used as a reference point in order to match the velocity at the same 
position using the 60 degree die.  This was done to match the velocity in the third region 
of the flow fields at this point and investigate the change in back pressure required to 
maintain the matched velocity at that point in the flow field.   
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CHAPTER 4.  RESULTS 
 
I. Thirty and Sixty Degree Comparison 
 The first comparison set of experimental data is for both the 30 and 60 degree dies 
being analyzed with a back pressure of 2 psig.  These were first investigated by 
comparison of the centerline velocities and turbulence intensity as a function of distance 
from the die.  These results can be seen in Figure A-8 and Figure A-9.  It is clear by 
looking at the figures that the different geometries play a large role in the difference 
between centerline velocities.  The largest difference can be seen at the nozzle exit.  The 
60 degree die shows a much more significant increase in velocity.  This occurs because 
the two emerging jets impinge more dramatically than in the case of the 30 degree die.  
The overall shape and characteristic of the two profiles, however, are relatively similar in 
the mixing and combined regions.  The turbulence intensity is shown in both figures as 
well and shows almost identical patterns except for the area at the die exit.  Both figures 
show the turbulence intensity rising steadily after the mixing region and leveling off to a 
maximum value just below twenty percent.  This can be expected since both velocity 
profiles are similar except for the regions at the die exit.  Figure A-10 shows both 
centerline velocity profiles plotted together and normalized using the respective peak 
velocities to better visualize the overall characteristics.  It is clear that the two flow fields 
show similarity, however the 30 degree die appears to experience less viscous dissipation 
throughout the flow due to the quicker decrease of the centerline velocity after the mixing 
region in the case of the 60 degree die.  The next area of interest was the velocity profiles 
at several positions downstream of the nozzle exit.  The converging region was of 
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particular interest which was where the positioning of the data points was the closest in 
an attempt for a better representation of the actual velocity profiles in that region.  Figure 
A-11 shows the velocity profiles at the nozzle exit for the 60 degree die.  The velocity 
profile reveals the characteristics of both emerging jets maintaining their own shapes as 
expected.  It is also interesting to note that the turbulence intensity rises dramatically at 
low velocities.  This is due to the large fluctuations occurring between such low 
measured velocities and would be expected.  These data are not shown for the 30 degree 
case as there were not enough data taken to resolve the peaks.  Although the presence of 
two emerging jets can be better visualized with more data points, the overall effect is still 
seen from the centerline velocity profiles which show the same increase in velocity 
within the first few tenths of an inch from the nozzle exit.  Should the data acquisition of 
the 30 degree die been at a higher resolution like that of the 60 degree die, it would be 
expected to show the same behavior.  This agrees well with the findings shown in Figure 
A-12.  This figure was the result of a previous study by Hatcher [3], and shows the 
velocity profile for a 30 degree die similar to the one studied here.  The flow was driven 
by a 10 psig back pressure and modeled with the CFD software package FLUENT.  
These computational results show good agreement with the experimental trends obtained 
with the 30 and 60 degree dies.  
 The next region of interest was the merging region.  This occurs as the two 
emerging jets begin to merge together but still retain some characteristics of individual 
jets.  Figure A-13 shows the velocity profile at 0.1 inches from the nozzle exit for the 60 
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degree die which is in this region.  The two jets have begun to merge together, but still 
maintain some single jet characteristics such as independent velocity peaks.  
 The final region, the combined region, makes up the rest of the flow field and is 
typical of the behavior of a single emerging jet.  Figures A-14 and A-15 show this region 
for both the 30 degree die and the 60 degree die respectively.  The remainder of the 
figures showing the acquired data for the flow field representative of both the 30 degree 
die and the 60 degree die are included in Appendix B.  All supporting figures for the 30 
degree die are shown in Figures B-1 through B-23, while the supporting figures for the 60 
degree die are shown in Figures B-24 through B-46.  These figures show the velocity 
profiles obtained at sequential distances from the nozzle exit.   
 
II. Thirty and Sixty Degree Velocity Matched Comparison 
 The next comparison was that of the 30 degree die at a back pressure of 2 psig 
compared with the 60 degree die at a back pressure of 2.125 psig.  This was done in order 
to match the centerline velocity at an arbitrary distance of .3 inches from the nozzle exit 
to provide a point of similarity after the two emerging jets begin to mix.  The centerline 
velocity for both cases can be seen in Figure A-16.  Although the velocity is matched at 
one point, the 60 degree die still looses energy to viscous mixing just as was seen in 
Figure A-10.  The velocity does reach a higher maximum because of the increased back 
pressure, but shows the same characteristics in the final combined region as seen 
previously at 2 psig back pressure.  The viscous forces remove the energy in the mixing 
region while the combined region retains characteristics of a single emerging free jet as 
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seen in both figures.  A plot of the normalized centerline velocity is also shown in Figure 
A-17 
 The supporting figures for the 60 degree die at this back pressure are shown in 
Figures B-47 to B-63.  The converging region of the flow is evident in Figure A-18 
showing the individual jets maintaining their individual velocity profiles.  Although the 
velocity profile at the exit of the nozzle look similar to a profile expected in the mixing 
region, it still maintains individual jet characteristics.  This profile would not include the 
center mixing between the two jets if the anemometer probe were able to fit inside the 
exit channel.  At such a large half angle α, the mixing of the jets occurs extremely rapidly 
at the exit of the individual jet channels.   
 The mixing region is noticeable in Figure A-19 which shows the mixing region 
almost complete at a distance of only one tenth of an inch from the nozzle exit.  The rest 
of the supporting figures for this case show the velocity profiles at sequential distances 
from the nozzle exit.  The jet takes on the same characteristics as a single emerging free 
jet while the velocity profile shows the jet width to enlarge with increasing distance from 
the nozzle exit demonstrating the conservation of momentum expected.   
 
 III. CFD Comparison  
 A computational fluid dynamic (CFD) model of the 60 degree die with the same 2 
psig back pressure was analyzed in much the same way by Haynes [4].  A time dependent 
analysis at 1 inch from the nozzle exit is shown in Figure A-20.  The corresponding time 
dependent data for the experimental procedure can be seen in Figure A-21 shown for a 
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one second sample.  A comparison between the CFD and experimental data reveals a 
similarity in the time averaged velocity although the CFD model shows a larger range in 
fluctuation which could be due to various turbulence models employed in CFD packages 
to simulate turbulent fluctuations.   
 Comparison was also examined at a position of 2 inches which can be seen in 
Figures A-22 and A-23 respectively.  These still show similarity in the overall time 
averaged velocity just as the comparison at 1 inch did, but the CFD fluctuations still show 
much higher velocities than those which were experienced experimentally. 
 Centerline velocity was also an area where the CFD and experimental results were 
very similar.  Figure A-24 shows the centerline velocity as obtained by CFD analysis on a 
30 degree die operating at a back pressure of 10 psig [3].  It can be seen that the curve fit 
for the data reveals an inverse of the square root of distance x, which is what was 
obtained theoretically in chapter 2.  The experimental result is shown in Figure A-25.  
The curve fit for the experimental results is proportional to x^-.4771 which agrees very 
closely with both the theoretical and CFD results.       
 Overall, the CFD analysis seems to provide a great starting point for analyzing 
flows such as the ones which were examined here.  A computational analysis will reveal 
characteristics like those which would be seen experimentally. 
 
IV. Eddy Formation 
 The formation of circulating eddies is a flow characteristic that can sometimes be 
recognized through experimental analysis such as this.  The interaction of the small and 
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large eddies are unpredictable to a certain extent but may possibly be noticed 
experimentally by analyzing the time dependent velocity graphs provided by the 
ThermalPro software and looking for some nature of repetitive patterns.  With the amount 
of data collected, it was out of the scope of this project to analyze the time dependent data 
at each location in the flow, but looking through some of the data at a surface level 
revealed some characteristics of repeating patterns such as seen in Figure A-26.  This 
shows what looks to be a repetitive pattern in the time dependent data.  According to this 
figure, the pattern repeats roughly three times in a dT=0.00135 seconds, which means the 
pattern repeats at a frequency of about 2.2 kHz at this location.  Deeper analysis in this 
area may reveal more patterns in different areas of the analyzed flow.   
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CHAPTER 5.  CONCLUSIONS AND RECOMMENDATIONS 
 
I. Conclusions  
The following conclusions are based on the experimental analysis obtained in this 
study 
1. The hot film anemometer provided an excellent measurement of the flow field for 
the converging free jet setup and showed good agreement with available CFD 
results and theoretical findings. 
2. The self-similar zone of the flow displays the velocity distribution predicted by 
theory. 
3. The converging jet configuration displays three distinct regions: the first where 
the two jets maintain individual characteristics, the second where the two jets 
begin to merge, and the third where the jets have merged and show characteristics 
of a single, similar jet. 
4. Turbulence intensity indicates that turbulent kinetic energy is at a maximum in the 
merging zone [3]. 
5. The hot film anemometer showed frequency sample rate dependent results.  
Below certain frequencies, approximately 20 kHz, the anemometer did not 
produce results which accurately depicted the flow. 
6. The flow can be assumed constant in the transverse z-direction except near the far 
edges. 
                                                                                                                                          23 
 
7. Increasing the half angle from 30 degrees to 60 degrees resulted in higher 
dissipation in the merging zone, while the two geometries resulted in similar 
combined zones. 
 
II. Recommendations 
 The following are recommendations to further the experimental analysis and 
support the above conclusions. 
1. A comparison between an actual single emerging jet and the converging jet with 
the same operating back pressure is needed to examine how closely the third 
region of the converging jet setup resembles it. 
2. The setup should be upgraded to include two or more simultaneous anemometers 
(x-probe) in order to analyze the flow in two dimensions rather than the one 
dimensional analysis conducted in this experiment. 
3. The experiment could be more conclusive if the dies used were similar in channel 
width, die face taper, and only differed in their channel half angles.  In addition, it 
could be helpful to analyze similar dies with differing face angles with respect to 
the vertical.  These dies are expensive and difficult to machine which makes a 
CFD analysis a much more attractive option. 
4. The experimental data which was gathered could be further analyzed and studied 
with spectrum analysis and correlation software.  The anemometer manufacturer 
provided such a software package, however this type of analysis was outside of 
the scope of this study. 
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5. A wider range of back pressures could be analyzed with anemometer calibration 
for each range of expected velocities.   
6. Time dependent data could be looked into closely to try and identify areas of 
suspected eddy formation. 
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Figure A-1 
Meltblowing Schematic  
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Figure A-2  
IFA 300 Anemometer Setup [5] 
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Figure A-3 
Free Jet Schematic [3] 
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Figure A-4 
FLUENT Representation (30 Degree Die – 10 psig Back Pressure) [3] 
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Figure A-5 
Velocity and Bridge Voltage as a Function of Pressure 
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Figure A-6 
Velocity and Turbulence Intensity as a Function of Sampling Frequency at a Horizontal Position of 3.0 Inches 
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Figure A-7 
Transverse Velocity Profile at a Horizontal Position of 3.0 Inches (30 Degree Die – 2 psig Back Pressure) 
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Figure A-8 
Centerline Velocity and Turbulence Intensity (30 Degree Die – 2 psig Back Pressure) 
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Figure A-9 
Centerline Velocity and Turbulence Intensity (60 Degree Die – 2 psig Back Pressure) 
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Figure A-10 
Normalized Centerline Velocity 
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Figure A-11 
Velocity and Turbulence Intensity as a Function of Vertical Position at a Horizontal Position of 0 Inches  
(60 Degree Die – 2 psig Back Pressure) 
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Figure A-12 
FLUENT Simulation (30 Degree Die – 10 psig Back Pressure) [3] 
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Figure A-13 
Velocity and Turbulence Intensity as a Function of Vertical Position at a Horizontal Position of .1 Inches  
(60 Degree Die – 2 psig Back Pressure) 
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Figure A-14 
Velocity and Turbulence Intensity as a Function of Vertical Position at a Horizontal Position of 3.0 Inches  
(30 Degree Die – 2 psig Back Pressure) 
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Figure A-15 
Velocity and Turbulence Intensity as a Function of Vertical Position at a Horizontal Position of 3.0 Inches  
(60 Degree Die – 2 psig Back Pressure) 
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Figure A-16 
Centerline Velocity (60 Degree Die – 2.125 psig Back Pressure) 
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Figure A-17 
Normalized Centerline Velocity (Matched Case) 
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Figure A-18 
Velocity and Turbulence Intensity as a Function of Vertical Position at a Horizontal Position of 0 Inches  
(60 Degree Die – 2.125 psig Back Pressure) 
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Figure A-19 
Velocity and Turbulence Intensity as a Function of Vertical Position at a Horizontal Position of 0.1 Inches  
(60 Degree Die – 2.125 psig Back Pressure) 
 
 
 
                                                                                                                                                                                                     48 
  
0
20
40
60
80
100
120
140
0.0000 0.0005 0.0010 0.0015 0.0020 0.0025 0.0030 0.0035
Time (s)
V
e
l
o
c
i
t
y
 
(
m
/
s
)
 
Figure A-20 
CFD Time Dependent Velocity at a Horizontal Centerline Position of 1.0 Inches 
(60 Degree Die – 2 psig Back Pressure) [4] 
 
 
 
 
 
                                                                                                                                                                                                     49 
  
 
 
 
 
 
 
 
 
Figure A-21 
Experimental Time Dependent Velocity at a Horizontal Centerline Position of 1 Inch 
(60 Degree Die – 2 psig Back Pressure) 
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Figure A-22 
CFD Time Dependent Velocity at a Horizontal Centerline Position of 2 Inches 
(60 Degree Die – 2 psig Back Pressure) [4] 
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Figure A-23 
Experimental Time Dependent Velocity at a Horizontal Centerline Position of 2 Inches 
(60 Degree Die – 2 psig Back Pressure) 
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Figure A-24 
CFD Centerline Velocity Curve Fit 
(30 Degree Die – 10 psig Back Pressure) [3] 
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Figure A-25 
Experimental Centerline Velocity Curve Fit 
(30 Degree Die – 2 psig Back Pressure) 
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Figure A-26 
Experimental Time Dependent Velocity at a Horizontal Centerline Position of 1 Inches 
(60 Degree Die – 2 psig Back Pressure) 
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APPENDIX B: SUPPLEMENTAL FIGURES 
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Figure B-1 
Velocity and Turbulence Intensity as a Function of Vertical Position at a Horizontal Position of .1 Inches  
(30 Degree Die – 2 psig Back Pressure) 
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Figure B-2 
Velocity and Turbulence Intensity as a Function of Vertical Position at a Horizontal Position of .2 Inches  
(30 Degree Die – 2 psig Back Pressure) 
 
 
 
 
                                    
 
58
 
0
10
20
30
40
50
60
70
-0.15 -0.10 -0.05 0.00 0.05 0.10 0.15
Vertical Position (inches.)
V
e
l
o
c
i
t
y
 
(
m
/
s
)
 
0
10
20
30
40
50
60
T
I
 
(
%
)
 
Velocity
Turbulence Intensity (TI)
 
Figure B-3 
Velocity and Turbulence Intensity as a Function of Vertical Position at a Horizontal Position of .3 Inches  
(30 Degree Die – 2 psig Back Pressure) 
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Figure B-4 
Velocity and Turbulence Intensity as a Function of Vertical Position at a Horizontal Position of .4 Inches  
(30 Degree Die – 2 psig Back Pressure) 
 
 
 
 
                                    
 
60
 
0
10
20
30
40
50
60
70
-0.20 -0.15 -0.10 -0.05 0.00 0.05 0.10 0.15 0.20
Vertical Position (inches.)
V
e
l
o
c
i
t
y
 
(
m
/
s
)
 
0
10
20
30
40
50
60
70
80
90
100
T
I
 
(
%
)
 
Velocity
Turbulence Intensity (TI)
 
Figure B-5 
Velocity and Turbulence Intensity as a Function of Vertical Position at a Horizontal Position of .5 Inches  
(30 Degree Die – 2 psig Back Pressure) 
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Figure B-6 
Velocity and Turbulence Intensity as a Function of Vertical Position at a Horizontal Position of .6 Inches  
(30 Degree Die – 2 psig Back Pressure) 
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Figure B-7 
Velocity and Turbulence Intensity as a Function of Vertical Position at a Horizontal Position of .7 Inches  
(30 Degree Die – 2 psig Back Pressure) 
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Figure B-8 
 Velocity and Turbulence Intensity as a Function of Vertical Position at a Horizontal Position of .8 Inches  
(30 Degree Die – 2 psig Back Pressure) 
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Figure B-9 
Velocity and Turbulence Intensity as a Function of Vertical Position at a Horizontal Position of .9 Inches  
(30 Degree Die – 2 psig Back Pressure) 
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Figure B-10 
Velocity and Turbulence Intensity as a Function of Vertical Position at a Horizontal Position of 1.0 Inches  
(30 Degree Die – 2 psig Back Pressure) 
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Figure B-11 
Velocity and Turbulence Intensity as a Function of Vertical Position at a Horizontal Position of 1.2 Inches  
(30 Degree Die – 2 psig Back Pressure) 
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Figure B-12 
Velocity and Turbulence Intensity as a Function of Vertical Position at a Horizontal Position of 1.4 Inches  
(30 Degree Die – 2 psig Back Pressure) 
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Figure B-13 
Velocity and Turbulence Intensity as a Function of Vertical Position at a Horizontal Position of 1.6 Inches  
(30 Degree Die – 2 psig Back Pressure) 
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Figure B-14 
Velocity and Turbulence Intensity as a Function of Vertical Position at a Horizontal Position of 2.0 Inches  
(30 Degree Die – 2 psig Back Pressure) 
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Figure B-15 
Velocity and Turbulence Intensity as a Function of Vertical Position at a Horizontal Position of 2.2 Inches  
(30 Degree Die – 2 psig Back Pressure) 
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Figure B-16 
Velocity and Turbulence Intensity as a Function of Vertical Position at a Horizontal Position of 2.4 Inches  
(30 Degree Die – 2 psig Back Pressure) 
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Figure B-17 
Velocity and Turbulence Intensity as a Function of Vertical Position at a Horizontal Position of 2.6 Inches  
(30 Degree Die – 2 psig Back Pressure) 
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Figure B-18 
Velocity and Turbulence Intensity as a Function of Vertical Position at a Horizontal Position of 2.8 Inches  
(30 Degree Die – 2 psig Back Pressure) 
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Figure B-19 
Velocity and Turbulence Intensity as a Function of Vertical Position at a Horizontal Position of 3.5 Inches  
(30 Degree Die – 2 psig Back Pressure) 
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Figure B-20 
Velocity and Turbulence Intensity as a Function of Vertical Position at a Horizontal Position of 4.0 Inches  
(30 Degree Die – 2 psig Back Pressure) 
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Figure B-21 
Velocity and Turbulence Intensity as a Function of Vertical Position at a Horizontal Position of 5.0 Inches  
(30 Degree Die – 2 psig Back Pressure) 
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Figure B-22 
Velocity and Turbulence Intensity as a Function of Vertical Position at a Horizontal Position of 7.0 Inches  
(30 Degree Die – 2 psig Back Pressure) 
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Figure B-23 
Velocity and Turbulence Intensity as a Function of Vertical Position at a Horizontal Position of 9.0 Inches  
(30 Degree Die – 2 psig Back Pressure) 
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Figure B-24 
Velocity and Turbulence Intensity as a Function of Vertical Position at a Horizontal Position of .2 Inches  
(60 Degree Die – 2 psig Back Pressure) 
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Figure B-25 
Velocity and Turbulence Intensity as a Function of Vertical Position at a Horizontal Position of .3 Inches  
(60 Degree Die – 2 psig Back Pressure) 
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Figure B-26 
Velocity and Turbulence Intensity as a Function of Vertical Position at a Horizontal Position of .4 Inches  
(60 Degree Die – 2 psig Back Pressure) 
 
 
 
 
                                    
 
82
 
0
10
20
30
40
50
60
70
-0.20 -0.15 -0.10 -0.05 0.00 0.05 0.10 0.15 0.20
Vertical Position (inches.)
V
e
l
o
c
i
t
y
 
(
m
/
s
)
 
0
10
20
30
40
50
60
70
80
T
I
 
(
%
)
 
Velocity
Turbulence Intensity (TI)
 
Figure B-27 
Velocity and Turbulence Intensity as a Function of Vertical Position at a Horizontal Position of .5 Inches  
(60 Degree Die – 2 psig Back Pressure) 
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Figure B-28 
Velocity and Turbulence Intensity as a Function of Vertical Position at a Horizontal Position of .6 Inches  
(60 Degree Die – 2 psig Back Pressure) 
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Figure B-29 
Velocity and Turbulence Intensity as a Function of Vertical Position at a Horizontal Position of .7 Inches  
(60 Degree Die – 2 psig Back Pressure) 
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Figure B-30 
Velocity and Turbulence Intensity as a Function of Vertical Position at a Horizontal Position of .8 Inches  
(60 Degree Die – 2 psig Back Pressure) 
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Figure B-31 
Velocity and Turbulence Intensity as a Function of Vertical Position at a Horizontal Position of .9 Inches  
(60 Degree Die – 2 psig Back Pressure) 
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Figure B-32 
Velocity and Turbulence Intensity as a Function of Vertical Position at a Horizontal Position of 1.0 Inches  
(60 Degree Die – 2 psig Back Pressure) 
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Figure B-33 
Velocity and Turbulence Intensity as a Function of Vertical Position at a Horizontal Position of 1.2 Inches  
(60 Degree Die – 2 psig Back Pressure) 
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Figure B-34 
Velocity and Turbulence Intensity as a Function of Vertical Position at a Horizontal Position of 1.4 Inches  
(60 Degree Die – 2 psig Back Pressure) 
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Figure B-35 
Velocity and Turbulence Intensity as a Function of Vertical Position at a Horizontal Position of 1.6 Inches  
(60 Degree Die – 2 psig Back Pressure) 
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Figure B-36 
Velocity and Turbulence Intensity as a Function of Vertical Position at a Horizontal Position of 1.8 Inches  
(60 Degree Die – 2 psig Back Pressure) 
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Figure B-37 
Velocity and Turbulence Intensity as a Function of Vertical Position at a Horizontal Position of 2.0 Inches  
(60 Degree Die – 2 psig Back Pressure) 
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Figure B-38 
Velocity and Turbulence Intensity as a Function of Vertical Position at a Horizontal Position of 2.2 Inches  
(60 Degree Die – 2 psig Back Pressure) 
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Figure B-39 
Velocity and Turbulence Intensity as a Function of Vertical Position at a Horizontal Position of 2.4 Inches  
(60 Degree Die – 2 psig Back Pressure) 
 
 
 
 
                                    
 
95
 
0
5
10
15
20
25
30
35
-0.80 -0.60 -0.40 -0.20 0.00 0.20 0.40 0.60 0.80
Vertical Position (inches.)
V
e
l
o
c
i
t
y
 
(
m
/
s
)
 
0
10
20
30
40
50
60
70
80
90
100
T
I
 
(
%
)
 
Velocity
Turbulence Intensity (TI)
 
Figure B-40 
Velocity and Turbulence Intensity as a Function of Vertical Position at a Horizontal Position of 2.6 Inches  
(60 Degree Die – 2 psig Back Pressure) 
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Figure B-41 
Velocity and Turbulence Intensity as a Function of Vertical Position at a Horizontal Position of 2.8 Inches  
(60 Degree Die – 2 psig Back Pressure) 
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Figure B-42 
Velocity and Turbulence Intensity as a Function of Vertical Position at a Horizontal Position of 3.5 Inches  
(60 Degree Die – 2 psig Back Pressure) 
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Figure B-43 
Velocity and Turbulence Intensity as a Function of Vertical Position at a Horizontal Position of 4.0 Inches  
(60 Degree Die – 2 psig Back Pressure) 
 
 
 
 
                                    
 
99
 
0
5
10
15
20
25
-1.20 -1.00 -0.80 -0.60 -0.40 -0.20 0.00 0.20 0.40 0.60 0.80
Vertical Position (inches.)
V
e
l
o
c
i
t
y
 
(
m
/
s
)
 
0
10
20
30
40
50
60
70
80
90
100
T
I
 
(
%
)
 
Velocity
Turbulence Intensity (TI)
 
Figure B-44 
Velocity and Turbulence Intensity as a Function of Vertical Position at a Horizontal Position of 5.0 Inches  
(60 Degree Die – 2 psig Back Pressure) 
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Figure B-45 
Velocity and Turbulence Intensity as a Function of Vertical Position at a Horizontal Position of 7.0 Inches  
(60 Degree Die – 2 psig Back Pressure) 
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Figure B-46 
Velocity and Turbulence Intensity as a Function of Vertical Position at a Horizontal Position of 9.0 Inches  
(60 Degree Die – 2 psig Back Pressure) 
 
 
 
 
 
                                    
 
102
 
 
0
10
20
30
40
50
60
70
80
90
100
-0.15 -0.10 -0.05 0.00 0.05 0.10 0.15
Vertical Position (inches.)
V
e
l
o
c
i
t
y
 
(
m
/
s
)
 
0
10
20
30
40
50
60
70
80
90
T
I
 
(
%
)
 
Velocity
Turbulence Intensity (TI)
 
 
Figure B-47 
Velocity and Turbulence Intensity as a Function of Vertical Position at a Horizontal Position of 0.2 Inches  
(60 Degree Die – 2.125 psig Back Pressure) 
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Figure B-48 
Velocity and Turbulence Intensity as a Function of Vertical Position at a Horizontal Position of 0.3 Inches  
(60 Degree Die – 2.125 psig Back Pressure) 
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Figure B-49 
Velocity and Turbulence Intensity as a Function of Vertical Position at a Horizontal Position of 0.4 Inches  
(60 Degree Die – 2.125 psig Back Pressure) 
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Figure B-50 
Velocity and Turbulence Intensity as a Function of Vertical Position at a Horizontal Position of 0.5 Inches  
(60 Degree Die – 2.125 psig Back Pressure) 
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Figure B-51 
Velocity and Turbulence Intensity as a Function of Vertical Position at a Horizontal Position of 0.6 Inches  
(60 Degree Die – 2.125 psig Back Pressure) 
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Figure B-52 
Velocity and Turbulence Intensity as a Function of Vertical Position at a Horizontal Position of 0.7 Inches  
(60 Degree Die – 2.125 psig Back Pressure) 
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Figure B-53 
Velocity and Turbulence Intensity as a Function of Vertical Position at a Horizontal Position of 0.8 Inches  
(60 Degree Die – 2.125 psig Back Pressure) 
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Figure B-54 
Velocity and Turbulence Intensity as a Function of Vertical Position at a Horizontal Position of 0.9 Inches  
(60 Degree Die – 2.125 psig Back Pressure) 
 
 
 
 
                                    
 
110
 
0
10
20
30
40
50
60
-0.30 -0.20 -0.10 0.00 0.10 0.20 0.30
Vertical Position (inches.)
V
e
l
o
c
i
t
y
 
(
m
/
s
)
 
0
10
20
30
40
50
60
70
80
90
T
I
 
(
%
)
 
Velocity
Turbulence Intensity (TI)
 
Figure B-55 
Velocity and Turbulence Intensity as a Function of Vertical Position at a Horizontal Position of 1.0 Inches  
(60 Degree Die – 2.125 psig Back Pressure) 
 
 
 
 
                                    
 
111
 
0
10
20
30
40
50
60
-0.40 -0.30 -0.20 -0.10 0.00 0.10 0.20 0.30 0.40
Vertical Position (inches.)
V
e
l
o
c
i
t
y
 
(
m
/
s
)
 
0
20
40
60
80
100
120
T
I
 
(
%
)
 
Velocity
Turbulence Intensity (TI)
 
Figure B-56 
Velocity and Turbulence Intensity as a Function of Vertical Position at a Horizontal Position of 1.2 Inches  
(60 Degree Die – 2.125 psig Back Pressure) 
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Figure B-57 
Velocity and Turbulence Intensity as a Function of Vertical Position at a Horizontal Position of 1.4 Inches  
(60 Degree Die – 2.125 psig Back Pressure) 
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Figure B-58 
Velocity and Turbulence Intensity as a Function of Vertical Position at a Horizontal Position of 1.6 Inches  
(60 Degree Die – 2.125 psig Back Pressure) 
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Figure B-59 
Velocity and Turbulence Intensity as a Function of Vertical Position at a Horizontal Position of 1.8 Inches  
(60 Degree Die – 2.125 psig Back Pressure) 
 
 
 
 
                                    
 
115
 
0
5
10
15
20
25
30
35
40
45
-0.50 -0.40 -0.30 -0.20 -0.10 0.00 0.10 0.20 0.30 0.40 0.50
Vertical Position (inches.)
V
e
l
o
c
i
t
y
 
(
m
/
s
)
 
0
10
20
30
40
50
60
70
80
90
T
I
 
(
%
)
 
Velocity
Turbulence Intensity (TI)
 
Figure B-60 
Velocity and Turbulence Intensity as a Function of Vertical Position at a Horizontal Position of 2.0 Inches  
(60 Degree Die – 2.125 psig Back Pressure) 
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Figure B-61 
Velocity and Turbulence Intensity as a Function of Vertical Position at a Horizontal Position of 2.4 Inches  
(60 Degree Die – 2.125 psig Back Pressure) 
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Figure B-62 
Velocity and Turbulence Intensity as a Function of Vertical Position at a Horizontal Position of 2.8 Inches  
(60 Degree Die – 2.125 psig Back Pressure) 
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Figure B-63 
Velocity and Turbulence Intensity as a Function of Vertical Position at a Horizontal Position of 3.5 Inches  
(60 Degree Die – 2.125 psig Back Pressure) 
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